Results of a study on the perfom1ance of 10 rnrn low alloy, rolled-homogeneous armour (RHA) plate when impacted by 20 mm diameter steel ogive-shaped projectile at 15,30 and 45° angles of attack in the subordnance velocity regime are presented. Experimental results show that 10 rnrn steel plate provides full protection at 45° obliquity up to a striking velocity of 530 rn/s. At low velocity (V < 350 rn/s), the plate provides protection at 30° obliquity, but fails to provide protection at an angle of attack of 15 0, even at low velocity ( V = 300 rn/s ).It is also observed that nom1al component of the strikiug velocity of the projectile is the main cause of plate perforation.
of cylindro-'conical and cylindrical shapes. The nature of energy absorbed during the oblique impact of a hard ball onto a semi-infinite ductile target material is found to be a strong function of both the impact velocity and the impact angle6. In this investigation, armour: grade steel plate and ogive-shaped steel projectile having strengths higher than that of the target plate have been used.
The aim of this investigation was to ascertain the protective capability (ballistic performance) of 10 mm steel armour plate when impacted by ogive-shaped steel projectile of 20 mIJ1 diameter at different obliquities and in the subordnance velocity regime (V< 1000 m/s).
EXPERIMENTAL DETAILS 2.1 Procedure
A low alloy rolled-homogeneous arm our (RHA) steel plate of 10 mm thickness was used as the target. The plates were used in the as-received condition. Hardness of the plates, as measured on
INTRODUCTION
Most of the projectile-target interaction studies relate to the normal impact and only a few workers have carried out analysis at oblique angles of impact. Further, limited experimental data is available on the oblique impact interactions of the projectile and the targetl. The reason for the nonavailabilityof experimental data is linked to the fact that military fighting vehicles are designed with sloped armour. Additionally, analysis of an oblique impact event is quite complex due to the introduction of additional turning and bending stresses on the impacting projectiles.
However, analytical equations have been developed to predict residual velocity of the proJectile2 and also the influence of obliquity on plate performance3. Velocity-drop experiments conducted4 at 300 m!s and5 400 m!s showed significant differences in the findings of the two investigators and the results exhibited a large degree of scatterl. These investigators used AI!steel targets which were impacted by lead bullets4 and hard steel projectiles Vicker's scale, was 370 ::!: 10 Hv. The charpy V notch impact value was 45 J (25°C).
A steel projectile of 20 mm diameter with ogive shape and length-to-diameter ratio of 5.73 was impacted on the target at 15, 30 and 45°o bliquities. Projectile hardness was 600 Hv and mass was 110 g. The plate-projectile combination selected represents plane stress condition (unconstrained plastic flow) where bulging of the target plate is visualised at all velocities of the projectile.
The RHA plates of 10 mni thickness and 450 x 300 mm size were mounted on the firing stand which was designed to provide 15, 30 and 45°a ngles of attack. Plates were firmly clamped on to the firing stand, although the degree of clamping does not have a significant effect on ballistic performance of the arm our plate 7. Change in velocity was achieved by changing the charge mass. Velocity of the projectile was measured using foil techniques. The projectile was fired from a rifled gun. Four to six rounds were impacted on each plate. Distance between the craters was ensl;lred to be more than three times the diameter of the projectile. At 15 ° obliquity, only two rounds could be impacted and it was not feasible to get the striking velocity of the projectile below 300 mls due to technical and safety reasons. were also measured using a portable stand. The experimental parameters studied in this investigation are depicted in Fig. 2 , wherein the processes of bulging, stretching, partial penetration and. perforation are explained. EXPERIMENTAL RESULTS 3.
Experimental Parameters
After the ballistic tests, each impact-crater was subjected to detailed examination. First, the impact craters on the target plate were photographed on both entry and exit sides. Depth of penetration (Xp) for all the craters on each plate was measured using a portable stand having 4-point support, fabricated for this purpose (Fig.I) . In case ofbulge formation, Xp included thickness of the plate and depth of the bulge so formed by the penetrating projectile: Crater volume ( U) was determined by filling the craters, up to the original target plate level, with plasticine of known density. Crater length (Da), crater width (Db) and bulge height (Hb) i.e., height of the bulge formed on the back-face of the plate,
Plate Damage Studies
The steel annour plates lffipacted at 15, 30 and 451> obliquities were examined for* assessing the nature and mode of defonnation of the plate material during projectile penetration. Back-face effects on these plates are presented in Table I . From Table 1 , it is observed that there is no plate perforation even at the highest velocity(V-530 m/s) at 45° obliquity, whereas perforation occurs even at the lowest velocity (V -300 m/s) at 15° obliquity. At 30° obliquity and at a velocity of 370 m/s, the plate failed to provide protection against 20 mm steel projectile due to the development of multiple wide cracks on the bulged surface. 
Bulge Height
Bulge height (Hb) (Fig. 2 (c», was measured on a 10 mm plate impacted at 45° angle of attack. Crater length (Da) and crater width (Db) as shown in Fig. 2 were measured using a portable stand. Da and Db basically represent the major and the minor axes of the crater formed on the target plate under oblique condition. Figure 7 shows variation in length-to-width (D)Db) ratio of craters with striking velocity of the projectile. Crater length-to-width ratio is plotted for 30 and 45° angles ofattack. Slope of D)Db at 30° obliquity, in Fig. 7 , is higher than that at 45° obliguity. However, in the zone of stretching, there may be bending, but the main source of energy absorption is by way of stretching of the bulged material at high velocities 8. The term stretching is used here to indicate progressive reduction in the thickness (!4 < !3 < !2 < !1 ) of the material in the bulged region, ahead of the pecetrating projectile (Figs 2 (c-g ).
Once the stretching reaches a critical st::1.ge, tensile failure occurs in the bulged region (Fig. 2 (g».
Tensile failure may also be associated with shearing of the plate material in contact with the tip of the projectile.
Crater Size
With increasing velocity, Da/Db ratio increases at both 30° and 45° angles of attack. Increase in this ratio is more dramatic at 45° than that at 30° angle of attack; this is due to increase in Da at 45°o bliquity. Increased Da is associated with increased horizontal component and decreased normal component of the projectile velocity. Also, the nature of increase in both the cases is different. Best-fit-polynomial approximation was used to correlate the striking velocity (V) and Da /Db ratio and the following polynomials were obtained:
.48148 x 10-5V2 -0.00599 V+1.767 Equations (2) and (3) correspond to 30 and 45°a ngles of attack, respectively. Digging tendency of the projectile into the plate material at 30° angle of attack, especially at a higher velocity, is the cause of the higher slope at 30° (Fig. 7) . This aspect gets further clarified on comparing the shape of the craters shown in Figs 4 and 5. It can thus b'e safely concluded that the severity of the angle of attack at 30° is quite high and the armour designer should avoid this kind of slanting of the armour plates.
Bulge Profile
Increase in bulge height Hb at low velocity (V = 300-400 m/s) is quite small. However, increase in H b is quite abrupt beyond a striking velocity of 425 m/s. This abrupt increase in the value of H b at higher striking velocity is due to bending and stretching8 of the bulge formed at the back-face of the 10 mm plate. Hb as shown in Fig .8 , increases exponentially with increase in striking velocity of the projectile and these are related as per the following expression:
Initial part of the curve in Fig. 8 , up to the striking velocity of 425 m/s, can thus be termed as the zone of bending and the later part pertaining to The normal component of the striking velocity in an oblique condition can be represented as Vcos e, where V is the striking velocity of the projectile on the target and e is the angle of attack. As mentioned in Section 4.1, the large smooth bulge with a wider crack is considered to be an indication of plate failure with partial or complete perforation of the plate.
Data on the striking velocity of the projectile, at different obliquities at which the plate is considered to have failed, are given in Table 1 . It is seen that 10 mm thick steel armour plate gets damaged at 340, 430 and 530 m/s at 1 SO , 30° and 45° obliquities, respectively. The computed values of 530 cos 45,430 cos 30 and 340 cos 15 are nearly the same, keeping in view the scatter of the velocity .It is thus observed that though striking velocities are different (at different obliquities, at which plate damage actually occurs), the normal component of these striking velocities has the same value. This observed fact leads to a conclusion that it is the normal component of the striking velocity which is responsible for Xp or plate damage . Target thickness (1) to projectile diameter (D) ratio plays a vital role in deciding the nature and extent of damage to the target plate. It is mainly due to the fact that TID ratio governs the constrained or unconstrained plastic flow of the target material ahead of the penetrating projectile. Projectile velocity, its nose shape and the target strength are other important parameters associated with the influence of TID on the nature of damag~. Nature and type of target damage in relation to TID either being less than 1, equal to lor more than I has been studied1°. Summary of the target behaviour on interaction with projectilesl1 is given in Table 2 . Armour-grade steel target plates have not been used in these studies and hence accurate assessment of the protective capability of the steel armour plates is difficult to be made, especially at different obliquities.
The present investigation was aimed at ascertaining the ballistic performance of the thin steel armour plates (TID being less than 1) when impacted by an ogive-shaped steel projectile at different obliquities in the subordnance velocity regime (velocity being < 1000 fils.). The theoretical analysi!; has not been given in this investigation and the valid reasons for not offering have been given in the succeeding paras. At this stage, it would be pertinent to address the energy dissipation mode based on the e~perimenta1 evidence. As mentioned in Section 3.1 , the following experimental observations are made: .At a constant velocity, penetration decreases with increasing obliquity, leading to the increased protective ability of the plate.
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Energy dissipated into the target plate due to the formation of the plug (Ep/ug) may have to be added to the above-mentioned equation; as such a phenomenon may prevail in some cases involving low and medium hardness steel plates at higher velocities. It is to be noted that till 1986, no phenomenological model of cylindrical or cylindro-conical penetration or perforation had been developed for oblique impacts.
For advancing further analysis, a large number of projectile-target properties in static and dynamic conditions are required. Critical experimental data could not be obtained due. to some technical difficulties involved with the gun.. The important information needed to present the analysis includes: Thus, the experimental study presented in this paper does not offer theoretical analysis, but provides experimental evidence with regard to protective capability of 10 mm steel armour plate impacted by ogive-shaped steel projectile of 20 mm diameter in the subordnance velocity regime at different obliquities. The paper also provides details of energy absorption modes in a general way. This work is being extended for a T/D ratio > I.
